Family-based linkage disequilibrium mapping using SNP markers is expected to be a major route to the identification of susceptibility alleles for complex diseases. However there are a number of methodological issues yet to be resolved, including the handling of extended haplotype data and analysis of haplotype transmission in sib-pair or family trio samples. In the present study, we have analysed two dinucleotide repeat and six SNP markers at the COMT locus at chromosome 22q11, a region implicated in psychosis, for transmission distortion in 198 Chinese schizophrenic family trios. When individual markers were analysed using the TDT, two showed modest evidence of transmission distortion (186C/T, P = 0.04; Val158Met, P = 0.01). Using haplotypes of paired markers analysed by the program TRANSMIT, the most significant P value was 0.001, for the Met158Val and 900ins/delC polymorphisms in the COMT gene. The global P value for the haplotypes of all six SNP markers tested was 0.004, largely a result of the excess transmission of two extended haplotypes which differed at the marker 408C/G. The exclusion of this marker from the analysis gave a global P value of 0.002 and produced a five marker haplotype system which was significant at P = 0.0006. This haplotype consisted of the alleles −287G:186C:Val158:900insC:ARVCF930C, which may represent a background haplotype for the transmission of a schizophrenia susceptibility allele at chromosome 22q11. Our results support the hypotheses that either COMT is itself a susceptibility gene, or more likely that this region of chromosome 22 contains a susceptibility gene that is in linkage disequilibrium with COMT alleles. Molecular Psychiatry (2000) 5, 77-84.
Introduction
Meiotic or linkage analysis using multiply affected and nuclear families is a potentially powerful tool for identifying the genetic susceptibility loci of complex diseases such as asthma, diabetes and the major psychoses. However, the results of these analyses for complex disorders are difficult to interpret. 1 For schizophrenia and bipolar disorder, several loci, including chromosomes 13q and 6p, meet the criteria for significance of linkage proposed by Lander and Kruglyak, 2 but the validity of many other loci remains uncertain. Power analysis indicates that linkage may reliably detect loci conferring a relative risk of four, but may miss loci of more modest relative risk, such as two or less. 3 Even when the stringent criteria for significant linkage are met, the regions implicated are typically Correspondence: DA Collier, Section of Genetics, Department of Psychological Medicine, The Institute of Psychiatry, De Crespigny Park, Denmark Hill, London SE5 8AF, UK. E-mail: sphadcoȰiop.bpmf.ac.uk Received 16 February 1999; revised and accepted 7 July 1999 too broad (ෂ20 cM or more) to attempt the analysis of candidate genes in the region.
Linkage disequilibrium (LD) mapping presents a powerful alternative to linkage analysis for the mapping and detection of genes with a modest effect on risk. [3] [4] [5] LD is a complex phenomenon and it can be affected by many factors related to the evolutionary history of the population, including random genetic drift, founder effects, mutation, selection, population admixture and stratification. 6, 7 Extension of LD mapping to include haplotypes, which provides more information on evolutionary history of the test population, can greatly enhance LD mapping. 7 For complex diseases, LD mapping at present has largely been restricted to the use of single microsatellite markers in large populations, 8, 9 but the markers of choice in future are likely to be SNPs since these are both abundant and highly stable.
Two broad approaches to the use of SNPs in LD mapping have been suggested, either the use of a genomewide set of anonymous markers or a catalogue of SNPs for all coding regions. [3] [4] [5] Recent sequencing analysis of the lipoprotein lipase gene, which detected 88 variants in a 9.7-kb region, indicates that dense SNP maps within and around genes may be required for the reliable detection of LD, rather than a genome-wide anonymous SNP map which would mark most genes only once. 10, 11 The advantage of the former method is that the substantial additional information from multiple marker haplotypes can be used. We have attempted to test this approach by the detailed analysis of the COMT locus on chromosome 22q11.
Patients with velocardiofacial syndrome (VCFS), a syndrome in which a 1-2 Mb region of 22q11 containing the COMT gene is frequently deleted, 12, 13 have an elevated rate of psychosis 14, 15 and 22q11 deletions are also found in a small number of patients with schizophrenia. [16] [17] [18] There is also suggestive evidence for linkage of both schizophrenia and bipolar disorder to chromosome 22q (reviewed in Karayiourgou and Gogos
19
; see also [20] [21] [22] [23] ). Early studies on biochemical markers for schizophrenia reported higher COMT activity in patients compared to controls (reviewed in Baron et al 24 ), but these results were not conclusive. The COMT gene contains low activity allele results from a valine to methionine change at codon 158, which accounts for Ͼ95% of the population variation in activity. 25, 26 About 25% of white Caucasians and 3-9% of black and Asian populations are homozygous for the low activity allele (Met158). 27, 28 A number of studies have analysed this common activity polymorphism in both bipolar disorder and schizophrenia [29] [30] [31] [32] [33] using a case-control design, and no evidence has been found that either allele confers an increased risk of psychosis.
However, there is growing evidence that COMT is involved in the regulation of behaviour. Transgenic mice lacking COMT have altered dopamine levels in certain brain regions, and have a sexually dimorphic phenotype with impaired emotional reactivity in females and increased aggressive behaviour in males. 34 In schizophrenia, the low activity Met158 allele of COMT has been associated with antisocial and aggressive behaviour. 35, 36 The Met158 allele has also been implicated as a risk factor for rapid cycling bipolar disorder, since a series of VCFS patients with 22q11 deletions who were hemizygous for the COMT Met158 allele all had the rapid cycling phenotype. Subsequently, two studies found allelic association between Met158 and rapid or ultra-rapid cycling. 33, 37 Thus COMT may be a modifier of phenotype in psychosis, rather than a direct susceptibility allele. However, this does not explain the association between 22q11 deletions and psychosis, and fine mapping studies with polymorphisms in the region will be required to locate the gene(s) involved.
We previously demonstrated excess transmission of the valine (high activity) allele of the COMT Val158Met polymorphism in a sample of 178 family trios with schizophrenia from SW China 27 and also of the COMT 408C/G polymorphism in multiply affected families 38 using the transmission disequilibrium test (TDT). The TDT is a measure of linkage and linkage disequilibrium, and in the absence of evidence for a direct role of COMT in psychosis, these findings imply that other genes at this locus may confer susceptibility to psychosis. In the present study we have extended this finding by increasing the number of family trios to 198 and using multiple SNPs and flanking microsatellite markers at the COMT locus, in order to screen for transmission distortion of individual alleles and haplotypes. We also present linkage disequilibrium relationships at the COMT locus in order to explore the implications for LD mapping using SNP and microsatellite markers.
Materials and methods

Subjects
The family trio sample consisted of 198 unrelated schizophrenic patients from Sichuan province, SW China (120 males and 78 females) and their parents, a total of 594 individuals. The age range of the schizophrenic patients was 15-49 (26.70 ± 6.70) years. Informed consent was taken from all subjects. Clinical diagnosis was made according to DSM-IV or DSM-IIIR criteria (American Psychiatric Association, 1994). All patients were interviewed by an experienced psychiatrist, using the SCID, and this information was augmented by examination of medical records and all other available information. Genomic DNA was extracted from peripheral blood according to standard phenol-chloroform methods. 40, 41 with the primers 5Ј AGC GTG ACC ACT CGG ACA GTA and 5Ј GCT GCG CGT GTC ATC CTC CAA which produced an amplimer of 350 bp.
SSCP analysis and sequencing
ARVCF gene: The ARVCF gene (Genbank U51269) is located just distal to the COMT gene and its 3Ј UTR abuts the 3Ј terminus of the COMT gene. 42 In order to screen for additional SNPs in the region, we analysed a portion of the ARVCF gene exon 4 between codons 137 and 260 by SSCP/heteroduplex analysis using the forward primer 5Ј ACG GTG ACC ACT CGG ACA GTA and the reverse primer 5Ј GCT GCG CGT GTC ATC CTC CAA, which produced an amplimer of 413 bp. Exonintron boundaries were determined by sequence comparison of the full-length cDNA clone U51269 with genomic cosmid clones for the region (principally clone AA000074).
Sequencing of DNA from subjects with potential polymorphisms was performed on an ABI 377 using a standard fluorescent sequencing protocol (dRhodamine terminator cycle sequencing, PE Applied Biosystems, Foster City, CA, USA). PCR assays for sequence variants were designed by searching for restriction enzyme sites altered by the polymorphism and these were tested by digestion of the original screening amplimer.
Genotyping
Seven SNP polymorphisms (Table 1 ; this study) 26, 31, 43 and two microsatellite markers (D22S944 and D22S264) were genotyped in up to 198 family trios by PCR using standard agarose gel PCR-RFLP analysis or fluorescent microsatellite marker analysis on an ABI377 sequencer/genotyper (PE Applied Biosystems). Genotypes for the Val158Met polymorphism from 178 of these families have previously been published, and those data are included in the present study. The alleles of the biallelic markers are denoted either 1 or 2 (Table 1) , with allele 1 (the more frequent allele) denoted as a clear circle and allele 2 as a filled circle, for the illustration of haplotypes. The physical positions of the markers are shown in Figure 1 .
Statistical analysis
Linkage disequilibrium between the SNPs was estimated by the program EH using the genotypes from the 396 unrelated parents. Values for DЈ, the normalised linkage disequilibrium statistic, which lies in the range {0,1} with greater values indicating stronger linkage disequilibrium, were calculated according to published methods. 44, 45 We used the transmission disequilibrium test (TDT) 46 to test if the marker locus and the hypothetical disease locus were linked or in linkage disequilibrium. The TDT for individual markers was performed using the ETDT program, 47 incorporating a Monte-Carlo method for simulation of P values.
For multiple marker haplotype transmission, we used the program TRANSMIT v2.3. 48, 49 TRANSMIT tests for association between genetic markers and disease by examining the transmission of markers from parents to offspring. Its main advantage is the ability Figure 1 Physical locations of the SNP and microsatellite markers used in the study. SNP markers are denoted numerically with reference to Table 1 . The marks on the scale bar are equivalent to approximately 10 Kb. Exons are indicated by triangles in the direction of transcription.
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to deal with the transmission of multilocus haplotypes, even if phase is unknown and parental genotypes may be missing. It uses a score test based upon the CPC (Conditional on Parental Genotype) likelihood. When transmission is fully observed, this score test reduces to the familiar Pearson chi-square test. TRANSMIT requires parameters to be entered for minimum haplotype frequencies and ambiguity of haplotypes. For the present analysis minimum haplotype frequencies were set at 0.03 (ie haplotypes which occurred with a frequency of less than 3% were excluded) and ambiguity set at 3, ie if there are more than three possible parental haplotypes the family was excluded.
For each combination of loci, we obtained both global P values which assess the significance of transmission distortion for all the test haplotypes, and P values which assess the significance of transmission distortion for specific haplotypes. The global P values take into account the many haplotypes within a multilocus system, but not the number of multi-locus systems that are tested.
Results
SSCP analysis
COMT promoter I: A fragment of the COMT promoter I was analysed by SSCP with the primers 5Ј AGC GTG ACC ACT CGG ACA GTA and 5Ј GCT GCG CGT GTC ATC CTC CAA in a screening panel of 30 unrelated subjects. We found a distinct banding pattern in several individuals and DNA sequencing analysis revealed an A to G base change (−287 A/G) which created a restriction site for the enzyme HindIII. PCR analysis and digestion gave a 350-bp fragment for the −287G allele (uncut by HindIII) and two fragments of 276 bp and 74 bp for the −287A allele.
ARV gene: SSCP using the forward primer 5Ј ACG GTG ACC ACT CGG ACA GTA and the reverse primer 5Ј GCT GCG CGT GTC ATC CTC CAA produced an amplimer of 413 bp which gave several distinct SSCP banding patterns in a panel of individuals, indicating the presence of at least two allelic variants. DNA sequencing revealed two amino acid substitutions, a T to C change at position 795 (valine 175 to alanine), and a C to T change at position 930 (proline 220 to leucine).
LD relationships at the COMT locus
Significant linkage disequilibrium (P Ͻ 0.000001) was found between the majority of SNP markers (11/16 pairwise combinations) by analysis of the 396 unrelated parents using EH (Table 2 ). For the pairs of SNPs COMT 408C/G-COMT 900InsC (markers 3 and 5; P = 0.02) and COMT 900InsC-COMT −287A/G (markers 5 and 1; P = 0.03) linkage disequilibrium was modest, and the COMT 408C/G-ARVCF Pro220Leu polymor- Data were analysed for significance by using data from all the unrelated parents in the study with the program EH. 52 P values were Ͻ0.000001 except for A, P = 0.03; B, P = 0.002; C, P = 0.02; D, P = 0.57 and E, P = 0.000002. DЈ is the normalised linkage disequilibrium statistic, which lies in the range {0,1} with greater values indicating stronger linkage disequilibrium.
phisms were not in significant LD (markers 3 and 7; P = 0.57). Using the output of TRANSMIT, we estimated the haplotype frequencies of the six of the SNPs in the COMT region (Table 3) . A total of 41 haplotypes were detected, with one common haplotype (22%) composed of the most common alleles of all six markers. Seven haplotypes accounted for 70% of all those seen. Since the ARVCF Val175Ala was the least significant marker by TDT and was in strong linkage disequilibrium (DЈ 0.9) with the ARVCF Leu220Pro polymorphism, it was dropped from the analysis after 100 of the trios were genotyped, and the data were not included in the haplotype analysis.
We did not find significant linkage disequilibrium between the Val158Met polymorphism and the microsatellite markers D22S944 ( 
TDT analysis of individual markers
The results of TDT analysis for the SNP markers individually are shown in Table 4 . COMT 186C/T and COMT Val158Met both showed significant evidence for transmission disequilibrium. However no significant transmission disequilibrium was detected for the other SNP markers or when the flanking microsatellite markers D22S944 (P = 0.12) and D22S264 (P = 0.34) were analysed (data not shown). Examination of individual microsatellite alleles revealed that for D22S944, allele 8 was passed 23 times and not passed 50 times ( 2 = 9.99; P = 0.0016; uncorrected). However, in the absence of overall allele-wise significance, we suggest that no weight should be given to this result.
Multiple haplotype analysis: TRANSMIT
Results of multiple marker haplotypes analysed by TRANSMIT v2.3 are shown in Table 5 . The aim of mul- Markers are shown in chromosomal order, as indicated in Table 1 and Figure 1 . The allele denoted 'allele 1' is shown as the open circle and the allele denoted 'allele 2' as the filled circle (see Table 1 ). Forty-one haplotypes out of a possible 64 were detected in total, but those with frequencies of less than 3% are not shown. tiple marker analysis is to find haplotypes with significant transmission disequilibrium which can be used to map the true susceptibility allele in the region. Consequently only those haplotypes with a global P value of Ͻ0.02 are shown, since levels of significance which are much less than that of the Val158Met polymorphism alone are not likely to be useful in the mapping process. When we analysed haplotypes of paired SNP markers for transmission disequilibrium using TRANSMIT, we found that the transmission of two paired SNP haplotypes were significant at P Ͻ 0.02, Val158Met with 186C/T (P = 0.012) and Val158Met with 900ins/delC (P = 0.001). In both cases haplotypes containing the Val158 allele showed excess transmission, and inclusion of the 900Ins/delC polymorphism increased the significance of the data by an order of magnitude overall, indicating that these results are not solely driven by excess transmission of the Val158 allele. The overall pattern of transmission of multiple haplotypes of up to six markers is shown in Table 5 . Visual inspection of the data reveals common patterns in the haplotypes with significant transmission disequilibrium. Haplotypes which include the Val158 and the 900InsC alleles are present in almost all excess transmissions, whereas haplotypes which include the opposite alleles Met158 and 900delC are almost invariably present in haplotypes with deficits of transmission. The global P value for the haplotype of all six markers was 0.004, largely a result of the excess transmission of the two marker haplotypes A (7% Molecular Psychiatry frequency) (P = 0.02) and B (13% frequency) (P = 0.03). Marker 3 (408C/G) does not contribute to the significance of this haplotype and its exclusion from the analysis gave a global P value of 0.002 and produced haplotype C, which was significant at P = 0.0006 when considered alone. This haplotype consisted of the alleles −287G:186C:Val158:900insC:ARVCF930C, which may represent a background haplotype for the transmission of a schizophrenia susceptibility allele. This five-marker haplotype was not the most common in the study population, occurring at a frequency of about 15% as estimated by TRANSMIT (data not shown).
Discussion
The purpose of the present study was two-fold: to utilise a novel method for the fine mapping of complex disease loci involving the analysis of the haplotypic transmission distortion of SNP marker alleles, and to apply this method within a region which has been identified as a potential susceptibility locus for psychosis, chromosome 22q11. The use of haplotypes of marker can greatly enhance the mapping process, since it is possible to find disease-associated haplotypes which bear an ancestral relationship to the founder chromosome. 7 Haplotypic association can be seen even in the absence of disequilibrium with individual component markers.
However the problem of handling extended haplotypes of SNP markers, especially for transmission distortion analysis, has not been fully resolved. In the present study, we have demonstrated the potential of gene-based SNP analysis using haplotypes for evaluating a candidate locus. This analysis may be suitable for more extended mapping of linked loci using genebased SNPs, and to genome-wide analysis with the advent of potentially high-throughput methods such as gene-chip analysis. 50 We used transmission distortion analysis implemented by the ETDT 47 and TRANSMIT 48 programs, to attempt to fine-map the COMT/ARVCF locus for susceptibility alleles for schizophrenia. Seven SNP markers, including two novel polymorphisms, and two flanking microsatellite markers were genotyped at the COMT/ARVCF locus and analysed both individually and as haplotypes up to 198 family trios with schizophrenia from Southwest China. Consistent with the earlier observations of Jorde et al 51 we found very strong LD relationships between almost all pairs of SNP markers.
We found significant but weak evidence for transmission distortion with two of these markers, COMT Val158Met (P = 0.01) and COMT 186C/T (P = 0.04), consistent with our previous findings with a subset of 178 family trios from the sample used in this analysis 27 and with TDT analysis in a sample of multiply affected families from the UK and Japan. 38 The present analysis of combinations of haplotypes of polymorphisms substantially strengthened the statistical evidence for linkage disequilibrium. When we extended the analysis to haplotypes of six SNP markers, the global P value for Table 1 ). Obs and exp indicate the TRANSMIT estimate of the number of each haplotype transmitted compared to the expected value based on random transmission. O-E indicates the observed -expected values used to calculate the chi-square value. The global P value is the overall level of significance for each combination of markers, and the haplotypic P value refers to each specific haplotype. Haplotypes were omitted from the global chi-squared test if the estimated haplotype probabilities (frequency) were less than 3% or if there were more than three possible parental haplotypes, ie the parental haplotypes were ambiguous. the haplotype of all six markers was 0.004, largely a result of the excess transmission of haplotypes A (P = 0.02) and B (P = 0.03). The exclusion of marker 3 (408C/G) gave a global P value of 0.002 and produced haplotype C, consisting of the alleles −287G:186C:Val158:900insC:ARVCF930C which was significant at P = 0.0006. This haplotype may represent a background for the transmission of a schizophrenia susceptibility allele. Multiple testing is clearly an issue when analysing many markers for linkage or linkage disequilibrium. We have used a total of six SNP and two microsatellite markers in this analysis, so on this basis a Bonferroni correction of eight may be appropriate. The use of haplotype combinations should require additional correction for multiple testing. However, since there are linkage disequilibrium relationships between most of the SNPs, they are not independent observations, and consequently we suggest an overall Bonferroni correction of ten-fold. With this correction, our observation of global transmission disequilibrium for the five-marker haplotypes (corrected P = 0.02) remains significant.
Overall our results provide further evidence that chromosome 22q11 harbours a susceptibility allele for schizophrenia, consistent with the high rate of psychosis in VCFS deletion patients, the occurrence of 22q11 deletions in a small percentage of patients with schizophrenia, and linkage findings in nearby regions. Karayiougou et al 31 analysed a further four variants of the COMT gene and none of these was significantly associated with schizophrenia. However this study did not use a family-based method or examine haplotypes.
Our results do not necessarily implicate alleles of the COMT gene directly in schizophrenia, but most likely represent linkage disequilibrium of this locus with nearby alleles of a different gene. This analysis included two amino acid substitution polymorphisms in the neighbouring ARVCF gene, neither of which showed any evidence for association transmission disequilibrium with schizophrenia. However we are unable to exclude the ARVCF gene since it may harbour other polymorphisms. The promoter regions of COMT have only been partly screened in the present study and may contain unknown susceptibility alleles that alter the expression levels of either isoform of the enzyme, although since the Met158Val polymorphism accounts for more than 90% of population variation in COMT activity, this seems unlikely. We are currently performing additional screening of the promoter regions to search for potentially functional polymorphisms and also analysing both distal and proximal genes in order to construct fuller haplotypes for analysis. By this method, it may be possible to identify a schizophrenia susceptibility allele in the region.
